Abstract-A new modification of the TEM-horn antenna has been developed for ground-penetrating radar (GPR) applications. The antenna is based on a dielectric wedge, and thus, was named the dielectric wedge antenna. Tapering of the metal flairs has been used to match the antenna to the ground and to reduce the late-time ringing. The finite-difference time-domain model of the antenna has been created to investigate physical processes within the antenna and to optimize its performance. The dielectric wedge antenna has shown a superior (in comparison with the TEM-horn) performance by radiation in different types of the ground and has been used in a novel antenna configuration within a GPR system, which is dedicated for landmine detection.
I. INTRODUCTION
A NTENNAS for impulse ground penetrating radar (GPR) are impulse radiating antennas that should satisfy a number of specific demands. First, the antennas should radiate pulses with given properties into the ground and receive pulses scattered from subsurface objects [1] . As a rule, the ground situated in the near zone of the antenna has a large impact on the antenna performance [2] and [3] . However, an antenna performance that is stable for different ground types and different antenna elevations above the ground is desirable. Because GPR antennas are used in a short-range high-resolution radar system and the radiated electromagnetic (EM) field must penetrate as deep as possible in a lossy medium, they should operate at reasonably low frequencies (typically below two gigahertz) and cover a wide-frequency band (typically more than several hundreds megahertz). Therefore, the antennas should be ultra wideband [4] . Because coupling in the transmit-receive antenna pair can obscure reflections from shallow buried targets and can substantially limit the dynamic range of the whole GPR system, high transmit-receive (Tx-Rx) antenna isolation is also an important characteristic for GPR antennas. Finally, antennas used in video-impulse radars should also have linear phase characteristics and constant polarization [1] . Such a combination of sometimes controversial demands makes the development of GPR antennas an extremely difficult task. Until now, only a few GPR antennas have been developed [5] , [6] and the simplest ones, like the resistively loaded dipole and the resistively loaded bow tie, remain the most frequently used GPR antennas. A recent demand for high-resolution GPR systems for motorway or runway inspection [7] , unexploded ordinance, and landmine detection [8] has become a driving force in the development of more sophisticated GPR antennas. This paper introduces a new GPR antenna: the dielectric wedge antenna. This antenna is based on a dielectric wedge and has a number of similarities with dielectric-filled TEM horns [9] , and [10] . The main constructional difference of the proposed antenna from a dielectric-filled TEM horn is the tapering of antenna flairs. An additional difference, is that the dielectric base of this antenna does not have a pyramidal shape as in TEM horns [9] , [10] , but a wedge shape. The tapering profile and the size of the dielectric wedge have been optimized to improve antenna matching to the ground and to reduce antenna late-time ringing. Due to this design it became possible to increase the antenna efficiency (in comparison to that of an ordinary TEM horn), to improve the Tx-Rx antenna isolation and to decrease the antenna size considerably in all three dimensions. Antenna design considerations are presented in Section II. The theoretical simulation of the antenna is discussed in Section III, while Section IV describes the experimental verification. Section V discusses antenna features and possible applications of the antenna.
II. DESIGN CONSIDERATIONS
One of the best known antennas for the radiation of short pulses is the TEM horn. This antenna can radiate signals over an ultra-wide frequency band and has a linear phase characteristic over this band. Although the radiated pulse does not widen (in comparison with the feeding pulse), a part of the propagated inside the horn pulse is reflected from the antenna aperture back into the antenna and is then re-radiated again from the feed point (late-time antenna ringing). This re-radiation increases when the antenna is pointed to the ground and elevated only a few centimeters above it. For a short-range radar system (like GPR) this drawback of TEM horns causes essential problems because the reflection from the aperture can mask a target return. To avoid this re-radiation, different kinds of resistive loading schemes were proposed (see e.g., [11] ). However, as resistive loading absorbs energy of the radiated pulse, it decreases the antenna efficiency. Other disadvantages of conventional TEM horns are their high sensitivity to external electromagnetic interference (EMI) and the strong coupling between two such antennas used in a radar system with separate Tx and Rx antennas. This coupling can obscure reflections from shallow buried targets and can substantially limit the dynamic range of the whole GPR system. When the antenna system is placed on the ground, the coupling becomes even worse due to additional ground-wave coupling. Finally, the large physical dimensions of the TEM horn (typically its size equals three times the duration of the pulse multiplied with the velocity of light) cause an additional problem for application in GPR systems. To overcome these disadvantages different researchers have attempted to fill a TEM horn with dielectric. Different antenna designs have been proposed by various authors e.g., [9] and [10] . These designs use a dielectric pyramid as a base for the antennas. The metal flairs of these antennas have a nontapered triangular shape. The antenna presented in this article has tapered metal flairs and is based on a dielectric wedge. The schematic drawing of this antenna is presented in Fig. 1 .
A prototype of the dielectric wedge antenna is the tapered TEM horn [12] . The latter was developed based on similar ideas as the TWIT antenna [13] , but the tapering profile of the metal flairs differ. We decided to improve the performance of this antenna (i.e., to improve antenna matching to the ground, to reduce the late-time ringing, to decrease the coupling and the sensitivity to external EMI) by placing it on a dielectric wedge. A wedge geometry was chosen instead of a pyramidal one because of the large value (108 ) of the flair angle that is required for antenna matching to the feeding line. In a pyramidal geometry the pyramid vertex angle should be equal to the flair angle and a pyramid with the vertex angle of 108 would have much larger dimensions and weight than the wedge.
We carried out a number of finite-difference time-domain (FDTD) simulations of the wedge itself to investigate the field structure within the wedge, to check for internal resonances of the wedge and to find the optimal size and wedge inclination angle of the wedge for a given dielectric permittivity (the FDTD model is described in detail in the next Chapter). The wedge has been excited with a current source in the middle of its top edge. We found that the transient current excites two transient waves: one which propagates within the wedge and another that propagates outside. The former was named the wedge wave and the latter the air wave. The air wave has the same waveform as the excitation current and arrives earlier than the other signals at any observation point outside the wedge. The wedge wave, while propagating within the wedge, also has the same waveform as the excitation current. The maximal wave amplitude has been observed propagating along the sidewalls of the wedge. A part of this wave energy (of about 0.3%) bounces back from the aperture of the wedge, returns to the top edge, bounces once more and re-radiates from the wedge, causing the late-time ringing. The electric field radiated in the forward direction in the far zone of the wedge consists of contributions of the air wave and of first-, second-and higher-order pulses radiated by the wedge wave ( Fig. 2) .
To minimize the reflections from the antenna aperture, we chose the dielectric permittivity of the wedge as close as possible to the dielectric permittivity of a typical ground. For the antenna, which should be matched to a dry sandy soil, a value 3.5 has been selected. By varying the wedge size (for the given dielectric permittivity) it is possible to vary the delay time between the arrival time of the air wave and that of the wedge wave. In such a way, the optimal combination of the wedge size and permittivity can be found so that the second part of the air wave arrives simultaneously with the first part of the wedge wave, and they both add in magnitude. As a result, for a dielectric permittivity of 3.5 an optimal wedge height of 25.25 cm was found with the aperture of 16 16 cm. With this geometry we achieved the minimal widening of the radiated pulse together with its maximal magnitude.
After determining the optimal size (for the given dielectric permittivity) of the wedge, we investigated the shape of antenna's metal flairs. The antenna has been considered as a microstrip transmission line with slowly varying parameters. The cross section of the dielectric substrate and the width of the metal strip varies with the microstrip line length. The characteristic impedance of the microstrip line can be calculated from [14] ( 1) where is the width of the microstrip and is the thickness of the dielectric substrate and is a relative dielectric permittivity of the substrate. A nonlinear optimization of the microstrip-line width has been carried out in order to achieve a smooth transition of the characteristic impedance of 50 to the impedance of a homogeneous space filled with the same dielectric as the wedge. The goal function was the minimal reflection from each In order to use the FDTD model for antenna optimization, the model must meet two-major demands: high accuracy and fast computational time. The demand of minimal computational time is qualitatively different from the minimal computer storage demanded in a number of previous papers on FDTD simulations of transient antennas [15] .
To reduce the size of computational volume and therefore, to decrease computational time, we used the antenna symmetry. In fact, only one quarter of the real antenna has been simulated. On the position of the planes of symmetry, electric and magnetic walls have been introduced. The electric (or magnetic) wall satisfies zero-value boundary conditions for the tangential component of electric (or magnetic) field. The computational volume is terminated by second-order Mur radiation boundary conditions [16] and by electric (magnetic) walls. During simulation of the antenna above the ground the computational volume outside the antenna is filled with two-homogeneous media, which represent air and ground. At places where the air-ground interface reaches the boundary conditions, simple first-order Mur absorbing boundary conditions have been used.
The FDTD model employs a homogeneous mesh where the computational volume is divided into rectangular parallelepiped of equal size. Despite the larger number of cells (in comparison with inhomogeneous meshes, e.g., the "ballooned" mesh in [15] ), such a mesh leads to a computationally simpler and, therefore, faster algorithm. The cell size has been chosen such that the maximum distance between adjacent corners of the staircase is much smaller than one wavelength (in the dielectric material) at the highest frequency of interest for the incident pulse. Particularly, for the wedge dielectric permittivity of around 4 and the monocycle pulse with duration of 0.8 ns the cell size of 2.5 mm has been selected. Such an approach makes it possible to avoid resonance phenomena due to the staircase approximation [15] . Varying parameters of the FDTD model (cell size, position of absorbing boundaries, etc.) we achieved that the computational error is substantially below 40 dB within the observation time window. During simulations, the antenna was fed by a current source placed in the feed point of the antenna between the metal flair and the electrical wall at . The magnitude of the current is homogeneous along the source and varies in time as a differentiated Gaussian pulse of the form (2) where is the peak-to-peak magnitude of the feeding pulse, which is assumed to be equal to 1 V and is the pulse width.
The pulse centre has been delayed by four pulse widths to avoid the usage of negative times. The influence of the feeding line has been modeled by a lumped 50 -resistor placed in parallel with the feeding current.
From FDTD simulations of the complete antenna, we found that like in the wedge the transient source excites two waves in the antenna: the air wave and the wedge wave. The wedge wave is definitely not a TEM wave, so the microstrip-line simulation of the antenna is not fully adequate. However, the flair profile calculated on the basis of the microstrip-line theory causes no reflections from the internal cross sections of the antenna. The surface current in the antenna apex is shown in Fig. 4 . It can be seen that in the antenna apex the first reflection arrives at approximately 3.5 ns after the excitation. This reflection is caused by the reflection from the antenna aperture. Absence of other reflections justifies the chosen flair profile. From values of the voltage in the feeding cell and the current in the antenna apex we derived the antenna input impedance [17] . The current due to the reflection from the aperture is not taken into account in the determination of the input impedance. The frequency dependence of the input impedance is presented in Fig. 5 . The antenna impedance remains almost constant in the operational frequency band of the antenna and varies slightly from 62 to 52 , while the relatively small reactance slowly increases with frequency.
Radiation into the ground is the most important specification of GPR antennas. The radiated waveform in the near zone within the ground with dielectric permittivity 3.5 and conductivity 0.005 S/m is shown in Fig. 6 . The waveform is the same as that by radiation into air, while the magnitude of the transient pulse is increased by 1.44 times. Preservation of the radiated waveform has been observed for different types of soil, which shows stability of the antenna performance in different environmental conditions. The antenna elevation above the ground does not change the waveform of the main pulse either, while a lossy ground in contact with the antenna aperture causes a substantial decrease of the reflection from the aperture and late-time antenna ringing. When the antenna touches the ground, the reflection from the antenna aperture decreases with respect to the radiation into free space. This can be seen in Fig. 7 , where the electric field within the wedge is plotted. In this figure the signal between 1 ns and 2.2 ns corresponds to the initial radiation, which propagates from the feed point to the aperture. Placing the antenna on the ground does not change the magnitude of this signal. The signal between 3 ns and 4 ns is due to the aperture reflection. The magnitude of the last signal is decreased when the antenna is placed on the ground. This proves a better matching of the antenna to the ground than to the air.
IV. EXPERIMENTAL VERIFICATION
Several experimental models of the dielectric wedge antenna have been built. The dielectric wedges have been made from a single piece of artificial dielectric. The latter represents an epoxy matrix in which titanium dioxide granules are homogeneously distributed. By varying the concentration of the granules, one can obtain different dielectric permittivity values. Ohmic losses of such a material are always very low. Several wedges with different dielectric permittivities (varying from 3 to 7) have been produced. Some measurement results for the dielectric wedge antenna with and ohmic losses less than 0.001 S/m are presented below.
A monocycle generator with a pulse duration of 0.8 ns has been used in the measurements. The waveform of the generator output is presented in Fig. 8(a) , while the normalized spectrum of the pulse is presented in Fig. 8(b) . The antenna has been excited via a 50-coaxial line without balun. Unbalanced feeding of the antenna did not cause any problems except for a common-mode current, reflected from the antenna and propagated outside the coaxial line. This current was absorbed by a soft absorbing material applied around the coaxial line.
The transient reflection from the experimental antenna is presented in Fig. 9 . The signal, shown in Fig. 9 at the time interval between 0.5 ns and 1.5 ns, is the reflection from the feed point. The waveform of this signal exactly reproduces the waveform of the incident pulse, which means that the input impedance of the antenna is close to purely real one. From the value of the reflected signal we estimated that the input impedance of the antenna is equal to 54 , which is in a good agreement with the theoretical prediction. Reflection from the aperture takes place at the time interval between 4 ns and 6 ns. It can be seen that for the ground-based antenna the reflection from the aperture is considerably less than the reflection from the aperture-air interface. So the matching to the ground is indeed better than that to air. For reference purposes, Fig. 9 also contains a curve that corresponds to the reflection from the open end of the coaxial feeding line. This signal is shown delayed in time to arrive approximately at the same time as the reflection from the antenna feed point. Compared to the TWIT77 antenna without resistive terminated pad [13] the dielectric wedge antenna has a reflection from the feed point that is 11-times smaller and a reflection from the aperture that is two-times smaller.
The radiated waveform measured along the main axis of the antenna is shown in Fig. 10 . Radiation from the antenna has been measured by means of a home-made ultra-wideband sensor [18] , which enables retrieval of the waveform and the absolute value of the incident electric field. The radiated pulse consists of contributions from several waves. First, an air-wave contribution is observed at the time interval from 2.0 ns to 2.8 ns. This wave propagates outside the dielectric wedge and thus arrives earlier at the observation point. Second, the main pulse arrives at the interval from 2.6 ns till 3.4 ns, and is similar to the derivative of the exciting voltage. Short time ringing due to the diffraction on the aperture is observed from 3.4 ns to 4.3 ns. Finally, at times from 5.5 ns to 7 ns the re-radiated reflection from the aperture can be observed. A good agreement between theoretical and experimental results can be seen throughout except for the late time ringing (between 5.2 ns and 6.2 ns). This is due to the discrepancy between the theoretical model in that the feeding line is modeled as a 50-resistor and the experimental model, in which a part of the wave reflected from the aperture propagates along the feeding line as a common mode current and transfers energy away from the antenna. Since the latter phenomenon is neglected in the theoretical model, the comparison with the experiment shows its importance.
The radiation of the dielectric wedge antenna into the ground has been measured in GPR antenna test ranges, developed in IRCTR [19] . Two different test ranges have been used: indoor test range with dry sand (Figs. 11 and 14) and outdoor test range with slightly wet sand (Figs. 12 and 13) . The signatures (re- sponses of an EM sensor buried in the sand) of the dielectric wedge antenna for different elevations above the ground are presented in Fig. 11 . In order to detect changes in waveforms we shifted all signatures in time to compensate for the time delay due to propagation. It can be observed that the main part of the signal as well as the early ringing remains stable for any antenna elevation above the ground. This proves the stability of the antenna performance for different environments. The comparison between radiation into the ground of an "air-filled" TEM horn antenna [12] and of the dielectric wedge antenna is presented in Fig. 12 . Both antennas have been fed with the same generator and measured under the same conditions. It can be seen that the magnitude of the signal radiated by the dielectric wedge antenna is 1.48 times larger than that radiated by the "air-filled" TEM horn. Relative magnitude of the late-time ringing (with respect to the main pulse magnitude) by the dielectric wedge antenna is 2.5 times smaller than that by the "air-filled" TEM horn.
For GPR antennas, one must know the spatial distribution of the maximal value of the radiated signal in the near field during the whole observation time (footprint). Such a footprint (in decibels normalized to the maximal value in copolarization) is presented in Fig. 13 . The footprint has been measured at an antenna elevation of 1 cm above the ground. Because the whole footprint measurement takes a lot of time, only a part has been measured. The lines of equal magnitudes of the component of the electric field have an elliptical shape with a shorter axis along the E plane. The ellipse main axes equal 30 cm and 35 cm at the level of 10 dB. In the part of the footprint limited by the level of 10 dB, the radiated waveform is similar to the waveform measured in the far field. The space-frequency representations of the radiated field in E plane and in H plane as measured in the sand are presented in Fig. 14 . It can be seen that the footprint size decreases linearly with the increase of frequency. The maximum of the radiated field spectrum is observed at 1.3 GHz, which is higher than that of the generator output. Interference between the air wave and the wedge wave can be seen at the figures.
Finally the coupling between two-identical dielectric wedge antennas has been measured. As we expected in advance, the dielectric filling has decreased coupling between Tx and Rx antennas in the antenna system (Fig. 15) . Direct coupling from the feed point of the Tx antenna to the feed point of the Rx antenna is observed at the time interval from 1 ns to 2 ns. Between 2.5 ns and 7.2 ns, aperture coupling is observed. The duration of the coupling between two dielectric wedge antennas is the same as that of the conventional TEM horns. However, the magnitude of the coupling is 2.2 times smaller and corresponds to the antenna isolation level below 42 dB within the feeding pulse bandwidth. 
V. DISCUSSIONS AND CONCLUSION
A new modification of the TEM-horn antenna has been developed for GPR applications. The antenna is based on a dielectric wedge and therefore, was named the dielectric wedge antenna. The metal flairs were tapered to match the antenna to the ground and to reduce the late-time ringing. The size (for a given dielectric permittivity) of the wedge has been optimized to obtain the maximal amplitude of the radiated pulse. The tapering profile has been calculated based on a simple microstrip-line model and has been justified by means of 3-D FDTD simulation. We verified our theoretical design using experimental prototypes. We found experimentally that the dielectric wedge antenna radiates a 1.48 times larger pulse into the sandy halfspace, possesses 2.5 times smaller magnitude of the re-radiated reflection from the aperture, provides 2.2 times smaller coupling in the antenna system, and finally, is approximately two-times smaller than the tapered "air-filled" TEM horn (designed for radiation of same pulses in free space). The dielectric wedge antenna has shown a stable performance for different elevations above the ground and low sensitivity to external EMI.
Despite the tapered flair profile, the reflection from the aperture still causes some late-time ringing of the antenna (about 6% from the magnitude of the main pulse). There are different possibilities to reduce this late-time ringing (e.g., resistive terminating pads [11] , [13] , improving the tapering profile or loading the antenna with a lossy dielectric material), however a comparative analysis of these possibilities lies outside the scope of this paper and will be reported elsewhere.
The air wave, which propagates outside the wedge, causes an increase in the duration of the radiated pulse and a decline of the leading edge of the pulse. This wave can be effectively suppressed by dielectric loading of the antenna. Covering both metal flairs with dielectric slabs of the same dielectric permittivity as the dielectric permittivity of the wedge considerably reduces the contribution of the air wave in the intermediate and far zones. The developed FDTD model of the antenna has shown to be a useful tool for further antenna optimization.
The developed antenna can be used successfully for a conventional GPR if the Tx-Rx antennas are in direct contact with the ground. However, in applications such as those for landmine detection, antenna elevation (above the ground) is necessary. It was found that the developed antenna can be used in this case as well, because the antenna radiates short pulses with relatively small ringing not only into the ground, but also into the air. In such a case a dielectric lens attached to the antenna aperture improves its performance. The dielectric wedge antenna has been used successfully as a transmit antenna in a novel antenna configuration within a GPR system designed for landmine detection [20] . Partly due to this specific antenna configuration, it became possible to produce high-resolution images of surface and subsurface objects, which allowed detection and sometimes visual classification of different anti-tank and anti-personnel mines [21] . 
